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By EugeneE. Lundquist

, SUMMARY

This reportis the firstof a seriespresentingthe
res-~ltsof strengthtestson thin-walledcylindersaad
truncatedconesof circularand ellipticalsection;it
comprisesthe resultsobtainedto datefrom torsion(pure
shear)testson 65 thin-walledduralumincylindersof cir-
cularsectionwith ends clampedto rigidbulkheads. The
effectof variationsin thelength/radiusand radius/thick-
ness-ratioson

““-sem~@mpirical
load is given.

the type of failureis indicated,and-a
equationfor the shearingstressat maximum

INTRODUCTION

A surveymade abouta year ago of the availablein-
formationand themethodsemployedin the designof
stressed-skinstructuresfor aircraftrevealedthatthe d.e- —
signof structuresof this type is basedlargelyupon the
results,ofexperienceand data obtainedeitherfrom tests
on structuressimilarto the one under considerationor
from testson theparticularstructureunder consideration.
A studyof the existingreportsof statictestsupon mon-
ocoquefuselagesand stressed-skinwingsre’suitedin the
conclusionthatvery littlereliableinformationof a funda-
mentalcharacterconcerningal~owablestressescouldbe ob-
tainedfromfull-scaletestsalreadymade becauseno men-
tionwas made of tilepropertiesof thematerialand be-
cause“failureof the structureas a wholewas causedby a

. varietyof differenttypesof failurein the skin,rein-
forcement,and connections.Consequently,the National
AdvisoryCommitteefor Aeronautics,in cooperationwith
the Army Air Corps,Navy Bureauof Aeronautics,and the Bu-
reauof Standards,Departmentof Cornrnerce,has outlined,a
researchprogramto investigatestressed-skinstructures
for aircraft. ,
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As a part of this re,searchprograman extensiveseries
of testson thin-walledduralumincylindersand truncated
conesof circularand ellipticalsectionis beingmadeat
LangleyField,Pa. ,h+hese tests,the ahs.oluteand rela-
tivedimensionsof the specimensare beingvariedto study
the typesof failureand to establishusefulquantitative
d~tain the followingloadingconditions:torsion,com-
pression,bending,andcombinedloading.

This reportis the firstof a seriespresentingthe
resultsof thesetests;it comprisesthe data obtainedin
the torsion(pureshear)testson thin-walledduralumin
cylinders.Althoughthe testshave not as yet been com-
pleted,it was thoughtadvisableto publishthe results
thusfar obtained.

MATERIAL

The duralumin(Al.Co. of Am. 17ST)used in these
testswas obtairiedfrom the,manufacturerin sheetform in
thicknessesrangingfrom 0.0105to 0.0228inch. Theprop-
ertiesof the materialas determinedby the Bureauof Stand-
ardsfrom specimensselectedat randomare givenin Table

*

1. Typicalstress-straincurvestakenlongitudinallyand
transverselyto the directionof rollingare givenin Fig- 6
ures 1 and 2.

Upon referenceto’theabove-mentionedtableand fig-
tzrbsit will be observedthatthe modulusof elasticityis
substantiallythe samein the two-directionsof the sheet
but thatthe ultimatestrengthand yieldpoint are consid-
erablylowertransverselyto the directionof rollingthan
longitudinally.However,as all the cylinderstested
failed.at stressesconsiderablybelowthe yield-point
stress,the ilifferencein the strengthpropertiesin the
two directionshas no bearingon the results.

SPECIMENS“

The test specimensconsistedof rightcifcularcylin-
dersof ‘7.5:and 15.0 inchradiuswith lengthsrangingfrom
2925 to 45.0 inches,whichwere constructedin the follow-
ing mabner. First,a dural.uminsheetwas cut to the.di-
mensionsof.the developedsurface- The sheetwas then
wrappedaboutand clampedto the end bulkheads. (Seefigs.

I t.-.
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3, 4, and 6.) With the cylinder-thusassembled,a’b,utt,
strap1 inchwide and.of the samethicknessas the”sheet.
was fitted,drilled,and boltedin placeto closethe.
seam. In the assemblyof the specimen,carewtis.takent.o
avoidhavingeither‘*softspots!or wrinkles~inthewal+-s
when finallyconstructed. . .

,.

The end bulkheads,to which the loadswere applied:”:
were each constructedof two steelplatesone-fourthinch
thickseparatedby l+ inchesof plywoodcore. Theseparts
y,erebolted.togetherand turnedto the specifiedoutsi&e.
diameter. Steelbands approximatelyone-fourthi,nch,’thk”ck
wereused to clampthe iluralumixnshsetto the bulkheads,
Thesebands-werebored to the samediameteras thebulk-
heads,

‘: JiPP~ATUSAND METHOD

. .
The thicknessof each sheetwas measuredto‘anesti-

matedprecisionof~.0003 inchat a largenumber of sta-
ti+dn~by meansof a dial gaugemountedin a specialjig.

n The averagethicknessesof the sheetswereused in all
calculationsof“rtid’ius/thicknessratioand stressti

4 A photographof the l’oadingapparatusused in the
torsiontestsis shownin 3’igure”3.The load from the
jackwas appliedthrougha thrustbearingto a yoke. 3y
meansof a flexiblecablethatpasqe~overa ser”iesof pul-
leys,half of the loadwas transmittedto one end of the
lowerhorizontalbeam as an up load and the otherhalf was
transmittedthroughthe rectangularframeto the othtirend
of the samebeam”asa download. Xn thismannertorque,
unaccompaniedby transverseshear,was appliedto the spec-
imen. A shearload on the cylindercausedby the weight
of the apparatus,includingthe forwardbulkheadand band,
was balancedby a counterweightas shownin Figure3.

In ord,erto determinethepossibleerrorscausedby
frictiop’”ihjthe jointsof the frame,a specialtestwas
made,inwhich themomentapplied;,~o..thelowerbeamwas
measur’ed~1.rectlyand comparetl:wi$hthe momentcalculated
from the forceappliedby the.jack.,Thesetwo moments
were fotind”““toagreewi”thin1’per cent throughoutthe range
of momentsapplied.

Loadswere appliedby the jack in incrementsof about
1 per-centof the estimatedload at failure,exceptafter
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tie firstfew testshad teenmade when the firstincrement
of loadwas abouthalf’the estimatedloadat firstwrinkle.
At firstwriqklingone’‘ormorediagonalwrinklesbeganto
formand gre# steadily’in.sizeand numberuntilfailure
occurredby a suddenincreasein deformationand the for-
mationof wrinklesin the completecircumference.(see
fig,4,) In all the tests5 to 10 minuteselapsedfrom
tho timo thatloadwas firstappliedto the specimenuntil
failureoccurred. -.

For %h”e.very shortspecimens(length/radiusratiosof
0.5 or .Idss)deformationfollowingfailurewas,a.ccompani.od
by an iticr~asein load,whoroasfor.~l’o~hon‘specimens,; “
d.oforrnatiom.followingfailurowas accompaniedby’a docre:}so
In.~oad. (Seefig. 5.) In orderto.insurothat the record-
ed loadsat failurefor the shortspecimenswere corr,oct,
two dial gaugesworeused to measurothe twistof t%d cyl-
inderbetweenbulkho.ad.s‘(flg;ti6)-andtiioload at whicha
suddenincroasoin deformationoccurred,as detorminod
frona load deformationcurve, was recordedas theload nt
~tiilure., ,.., .,.. ,.,.f,. ,.*, .

“,,.,., ~“lDISCUSSI,ONOF.R~SULTS,,? .$. ..,. ..:., .:,, .#”;
,,,.,. .: .,.. ....

Tie st’rengthof thin-walledcirculartubessubjected
-

to t“orsiotihas’he”efi’tre”atedtheoreticallyin references1 *
and 2,: In refere’nc”e1 equationsaro givenfrom whichit
is poss~ibleto calculatethe criticalstressbut the compu-
tationsare tediousand involvedand--havebeen made only

.-

for.raditis/thicknessratiosfar belowthoseusuallyen-
cotinter’edin stressed-skinstructuresfor aircraft. In
reference2 relativelysimpl.oequationsare givenfor,tho
criticalstressbut thes~couldnot.bochockedby the re-
sultsheroinreportod. Consequently,no considerationis
givento the correlationof the experimentalresultswith
theoryin thisreport. However,when the generalinvesti-
gationof the strengthof thin-walledcylindersis com-
pletedthis correlationwill be attempted.

: ..,,‘:.:.,.:’.
The resultsshown.Ii F,igures7, 8, and 9 are self-

explanatorytTheyshow .tl@ for geometricallysimilar
cyli~ders,’the numb’er..dfsheay.,wrinkles,.the anglobetwoon
thewrinklesand:~tho,cyl-ind?ne,lemen~s‘whanthe wrinkles
startto form;““hid%’~eshearing++tr&ss”at ftiilure,are
constant. For any givenvalueof”’theT4dius/thicknessra-
tio,the num%erof shearwrinkles,tfiofigleletweontho
wrinkles‘~nd””tlibd~l~hdbr.~le~qnts.~beqthowrinkl,esstart,., .,::,,.,.,~...., m.,.... ~“f:.,I.~- : .“ ., :3

●
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toform, and the shearingstressat failureall decreaseh
with increasein the length/radiustiatio.For any given
valueof the length/radiusratio,the.numberof shearwrink-
les increaseswith increasein the radius/thicknessratio,
but the anglobetweenthe wrinklesand the cylinderele-
ment~,,whenthewrin”klesstartto form and the shearing
stres~at failure‘bothdecrease, ●.

,,,
.As.firstwrinklin<”occurredin many”ofthe “Specimens

before,f.ailure,shearingstressat firstwrinkleas a per-
centageof shearin

7
stressat failurehas beenplotted

. againstthe lengthradiusratioin Tigure10* It will be
notpdthat t-nepointsscatterwidely.hut showa general
tendencyfor firstwrinkle’tooccurat a lowerpercentage
of stressa“tfailurefor the thinnersheetsthanfor the
t-bickersheets. This fact is attributedto tho presence
of wavesand dentsin the thinnersheetswhichcausedthe
cylindersconstructedfrom-thismaterialto be, relatively
speaking,lessperfectthan“cylihdersconstructedfrom t-ha
thickermaterial-

s the experimentalpoints,for shearingstressat
failurein Fi-re 9 pIO~ alongsmoothcurvesirrospecti.vo
of the wide scatteringof the.points,for stressat first
~rinkl~in Figure10, it is concludedthatthe presence
.offirstwrinklingdid not reducethe strengthat failure
to any ~pprecia.bleextent.“

An examinationof the dataplottedin 3’igure.9indi-
catedthat the shearingstressat failurecouldbe given
very closelyby an equationof the generalform

!3~==-
0~.nt*

(1)
.

where,for a givenmaterial, n is a constantand K iS
a functionof the length/radiusratioof the cylinder. In
thisequa’tionK has the dimensionsof a stress.-As thd-
.oraticalcalculationsalwaysshow thatthe stressat which
elastic instabilityoccursvariesdirectlyw!th E, the
modulusof elasticity,equation(1)will be writtenin the
followingform: ..

Ks E
Ss * -~fl,,

(“t)

(2).

.
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where KS is a noridimensionalcon~tant. In all thecal-
culationsfor the evaluationof K and n the secant
modulusfor S~, the stressat fzt?lure”,is?substituted
for-E. ,, ,.

The numericalvalue of n is e$ta%lishedby thenog-
. ativeslopeof straightlineson the logarithmicplot of

Ss/E against r/t In Figure11. Actually,the valueof
n .~i.snot constantbut variessomewhatw.i%hlength/radius
ratio. I’orthepurposeof thisreport,}‘howevor,an aver-
agevazue of 1.35was used. ,,,. .

,, ,. .::
Valuesof Ks for n = 1.35 have been calculated

for each testandplottedtn Figure.12. In thisfigure
the greatestdispersionof thepointsoccursat a length/

.

radiusratioof 1.0 for the.7,5-inch-radiuscylinderswith + .:
radius/thiclinessratiosbetweenS30 and 700. Consequent-
ly, the dispersionof all otherpointsmay be considered

<’

to be withinthe experimentalerror.

Strictlyspeaking,equation(2)with the valuesof n
and Ks derivedfrom thesetestsappliesonly to duralu-
min cylindersfor the rangeof leng’ths,radii,and thick-
nessestested. It is now plannedto extendtho testsupon “ ~
duralumincylindersand alsoto make a few testsupon stool
cylindersin orderto generalizethe conclusionsor t.omake .
suchmodificationsto themas may bo necessary,particu-
larlyat low valuesof the length/radiusratio.

CONCLUS1ONS

1. For geometricallysimilarcylinders,the numberof
shearwrinkles,the anglebetweenthewrinklesand the CYl-
inderelementswhen th% wrinklesstartto form,and the
shearingstressat failure,are constant,

2, For any givenvalueof the radius/thickfiessratio,
thenumbero-fshearwrinkles,the anglebotweonthewrin-
kles and the cylinderelementswhen thewrinklesstartto

.

form,and the shearingstressat failureall docroasowith
increasein the length/radiusratios ‘

1

.’
3. For any givenvalueof the length/radiusratio,tho

numberof shearwrinklesincreaseswith increasein the
radius/thicknessratio,but.the anglebotmeonthowrinkles

.

.
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an~ the cylinderelementswhen the‘-wrinklesstartto form ‘
and the shearingstressat failureboth decrease.

4.“Thepresenceof slightimperfectionsin the cylin-
der may causewrinklingto occurat loadsconsiderablybe- ‘
low the load at failure,but *heseimperfectionsapparent-
ly do not reducethe strengthat failureto any apprecia-
ble extent.

5. The shearingstressat failurefor thin-walleddu-
ralumincylindersmay be givenvery closelyby an equation
of the form

where n is a constantand Ks varieswith the length/
radiusratio, Z/r. As a tentativevalue, n may be as-
sumedequalto 1.35. Valuesof Ks correspondingto this
valueof n are givenby the fairedcurvein Figure12 or
by the followingtable”:

T/r 0.2 0.25 0.3 0.4 0.5 0.75

l.O 1.5 2.0 3.0 4.0 5.0

Ks 3,3 2.75 2.45 2.02 1.78 1.45

1.271.06 .94 .78 .68 .61

LangleyMemorialAeronauticalLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

LangleyField,Vs.,July 25, 1932.
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Ult ima.te
tensile
strength

lb.per sq.in.)

Lor@-
tudinal
58,500

59,400

!Crans-
verse
55,50U

56,600

b7,3Cm

56,8X)

58,209

57,800

62,850

62,830

61,550

61,4(20

61,400

Tensile
yield
point

(lbs‘@r
Longl-
tuwlal
41,4(KI

42,500

w
!Cra.ns-
verse
36,500

’37,100

36,800

35,800

36,500

35,W3

39,750

41,000

38,750

39,050

37,900

Elongation
in 2 inches

(percent)

\ongi- Trans-
verse

18 16.5

15 16.5

16.5

13.0

18.0

16.0

19.3

~~eo
,

19.0

18,5

18.5

Modulusof Elasticity
Secantmodulus I Secantmodulus
at a stressof I at a stressof’

5,000lb.per sq.in.120,000lb.per sq.in.
(lb.per s~.in.) (lb= so.in.)

Longi-

10,6?O,OOO10,72O,OOO!1O,51O,WO

10,72O,CX10,77O,OOO10,580,000

10,570,000

10,550,000

lo,470,0Cm

10,560,000

10,270,000

10,QO,OOO

10,550,000

10,110,000

10,410,000

Trans-
erm

10:520,000

10,570,000

lo,340,C00

10,38O,OOO

10,270,000

10,440,000

L0,130,000

10,190,030

10,360,000

10,060,000

L0,070,C’W
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Strain,in.perin. -.0001+0001 Secantmodulus
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Fig.1 Stress- straincurveforsheetduralmmin0.011inchthick
paralleltothedirectionofrolling.
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Load wrinkle

d
Deformatl,on

Longcylindsrp

L.Loadat failure...

r

x______

Load
-_iz- --Loedat firstwrinkle

Deformation

Shortcylinders

Fig.5 Load-deformationcurvesfor longand shortcylinders. w
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n 7*5 329 to 354

7.5 452 to 472
c1 7.5 630 W 7’00

15.0 65a to 721

25—
v 15.0 903 to 968
x 15.0 1%4 to 142a
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~%15
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:
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E 5-

0 0.5 ““ 1.0 1.5 2.0 2.5 3.0 3.5 4.o 4.5 5.0
A , length/radiusratio
r

Fig.7 IJi@ero~ shearwrinklesin chcm!nference
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of cylinder.

-.



. . . . .

Radius,in. Radius/thickness Radius,in. Rc&ls/thickness
n 7.5 329 to 354 + 15.0 656 to721
A 7.5 452 tO 4’72 v 15.0 903 to %8
o ‘7.5 630 to 700 x 15.0 1?64to 1420

$,length/radiusratio
a,Approxl.mtzteradius/thickmessratio,~ .~ d,ApprOX.rmus/fJi~&!s ratiOjX=940

b, Ii n n n , ! =460 u n n “,1=1400

c, II u u u , n =680“ Mw
$

Fig.8 Angle betweenshearwrinklesand elementsof Wlinder. m
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D 7.5 329 to 354
& A 7,5 452 ‘GO472

‘s o 7,5 630 to ~
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v 15.0 903 to 968
x 15.0 1364to 14X
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0 0,5’ ~,() 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

a, ApprodJDzLte
b, !1

c, 11
a, n
e, n

L~ , le@hJradius ratio

radiua/thiolmew ratio, $ = 3.40
n II N ,n.~o“. ‘n n n = 680
II II n’ll=g”~
n.11 n’ , II = 1400

Fig.9 Shearingstressat failure.
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Radius,in.Radius/thi*ess Rad.lus,in
El 7,5

ROAius/iihickness
329 to 354 + 15.0 658 to 721

A 7.5 452 to 472 Q 15.0 903to 968
0 ‘?.5 69) to 700 x 15,0 1%4 to 1426

$ 0 O*5 1.0 1.5 2.0 2.5
t~ , len@h/radtus

3.0 3.5 4.0 4.5 5.0

ratio

-.

. .

l?lg.10Sheeringstressat firstwrinklea~ a percentageof aheexingstressat failure.
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~ Kg=—
s

h,l I
()
g 1.35..
t

1,5

W.J

K:””m
‘ -?%. ~ t !

1.0 0 - *
-02
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I h

0.5

I
1 I I f I I

43-

L I I I I I I
0 0.5 1,0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

>, length/radius ratio
r

Radius Radius/ Ihicksess Remus Raaius/thiclmesa
a 7,5 329 tO 354 1- 15.0 6W3 tO ‘?~
A 452 to 472 v 15.0 w3 tO 96a
o ;:; 630 to 700 x 15.0 1264 to 1426

K’ig.12Variationof KS titble~th/re&l.ueratio.


